Abstract It is widely believed that groups of hot spots in different regions of the world are in relative motion at rates of 10 to 30 mm a À1 or more. Here we present a new method for analyzing geologically current motion between groups of hot spots beneath different plates. In an inversion of 56 globally distributed, equally weighted trends of hot spot tracks, the dispersion is dominated by differences in trend between different plates rather than differences within plates. Nonetheless the rate of hot spot motion perpendicular to the direction of absolute plate motion, v perp , differs significantly from zero for only 3 of 10 plates and then by merely 0.3 to 1.4 mm a
Introduction
How fast hot spots move relative to one another has long been debated. It is important to know their relative motions for many reasons: If the motion is slow, then the hot spots can be used to construct a global reference frame of how plates move relative to the deep mantle. Insofar as hot spots are the surface manifestation of mantle plumes, slow motion implies either a sluggish mantle or that plumes are not carried along by the mantle wind, while fast motion implies the opposite.
In pioneering studies, Morgan [1981 Morgan [ , 1983 and Duncan [1981] estimated that individual hot spots move relative to a mean hot spot reference frame by 3 to 5 mm a
À1
. Although motion of the hot spots relative to the spin axis has long been established [Kono, 1980] , early work indicated that hot spots in different ocean basins moved in unison relative to the spin axis, and thus, no motion between hot spots is required by paleomagnetic and other spin axis-tracking data [Morgan, 1981; Gordon and Cape, 1981; Gordon, 1982] . Thus, this early work indicated that the hot spots constitute a useful reference frame for tracking the motion of the plates relative to the deep mantle and for estimating the motion of Pacific basin plates relative to the circumPacific plates [e.g., Henderson et al., 1984; Engebretson et al., 1985] .
In contrast, more recently, it has been popular to assume that hot spots in the Pacific basin move relative to those in the Indo-Atlantic at rates of 10 to 30 mm a À1 or more [Norton, 1995; Raymond et al., 2000; Tarduno et al., 2003] . The popularity of moving hot spot models [e.g., Doubrovine et al., 2012] has been motivated by a series of papers that conclude that motion between Pacific and non-Pacific hot spots is measurable and large. An influential example is the investigation of Molnar and Stock [1987] , which found that the Hawaiian hot spot moves 10 to 20 mm a À1 or more relative to hot spots in the Atlantic and Indian Oceans over the past 68 Ma. Molnar and Stock [1987] concluded that hot spots do not define a fixed reference frame.
There is a subtle flaw, however, in the methods used by Molnar and Stock [1987] , which omit 1 of the 3 degrees of freedom of rotation in their estimated uncertainties for rotation parameters [Andrews et al., 2006] . Thus, Molnar and Stock [1987] underestimated such uncertainties and reached incorrect conclusions. Koivisto et al. [2014] applied the new methods of Andrews et al. [2006] and found that the nominal rates of motion between Pacific hot spots and Indo-Atlantic hot spots are only 2-6 mm a À1 over the past 48 Ma, much smaller than that found by Molnar and Stock [1987] and roughly equivalent to the motion relative to a mean hot spot reference frame of 1-3 mm a
, similar to that estimated by Morgan [1981 Morgan [ , 1983 and Duncan [1981] . Koivisto et al. [2014] found that the 95% confidence limits on motion between Pacific and non-Pacific hot spots range from 0 mm a À1 (i.e., no motion) to ≈10 mm a
, roughly equivalent to motion of 0 to ≈5 mm a
relative to a mean hot spot reference frame. Their results are consistent with the conclusions of Morgan [1981 Morgan [ , 1983 and Duncan [1981] and consistent only with the lower limit (≈10 mm a À1 of motion between hot spots)
found by Molnar and Stock [1987] . When Koivisto et al. [2014] extended their analysis using traditional plate circuits back to 68 Ma ago, however, they found apparent motion between hot spots of ≈50 mm a
. There are two main hypotheses to explain this result: (1) that Pacific hot spots moved rapidly relative to non-Pacific hot spots before 48 Ma and then abruptly slowed down coincident with the Hawaiian-Emperor Bend (≈50 Ma) [Norton, 1995; Raymond et al., 2000; Tarduno et al., 2003] and (2) that the global plate motion circuit through Antarctica is flawed for reconstructions for ages older than the Hawaiian-Emperor Bend. Paleomagnetic data decisively favor the latter explanation [Suárez and Molnar, 1980; Gordon and Cox, 1980; Acton and Gordon, 1994] . (Although Doubrovine and Tarduno [2008] reach a different conclusion from Acton and Gordon [1994] , Figure 2 of Doubrovine and Tarduno [2008] gives results similar to those of Acton and Gordon [1994] and provides evidence of the failure of the early Tertiary plate motion circuit through Antarctica.)
Here we use a new approach and a different data set for estimating rates of motion between hot spots, especially between a group of hot spots beneath one plate relative to a mean hot spot reference frame. To do so, we combine the hot spot data set of Morgan and Phipps Morgan [2007] with the MORVEL set of relative plate angular velocities [DeMets et al., 2010] to determine HS4-EW-MORVEL, which is a global set of plate angular velocities relative to the hot spots for which each hot spot trend is given equal weight. Given that geologically current plate motions (those averaged over the past few million years) are dramatically more accurate and reliable than ancient plate motions, especially those before ≈50 Ma, motion between hot spots estimated from geologically current plate motions is expected to be far more reliable and accurate than motion between hot spots estimated from ancient plate motions.
Using the NUVEL-1A set of relative plate angular velocities [DeMets et al., 1994] , Morgan and Phipps Morgan [2007] showed that their set of hot spot trends gives consistent results between Pacific and non-Pacific hot spots and that no significant motion between Pacific and non-Pacific hot spots is indicated. We confirm the result of Morgan and Phipps Morgan [2007] and take the further step of analyzing the dispersion of the observed trends about the set of calculated values that best fits all the trends. We show that the dispersion budget is dominated by the differences between groups of hot spots under different plates and use these differences to place a bound on how fast a group of hot spots under one plate moves relative to a global hot spot reference frame. In subtle contrast with the results of Morgan and Phipps Morgan [2007] , we show that there is a significant difference in motion between hot spots beneath some plates relative to the mean hot spot reference frame. The indicated rates of motion are, however, small.
In particular, the global mean of the magnitude of plate mean plate-motion-perpendicular hot spot velocity is 3.2 ± 2.7 mm a À1 (95% confidence limits), which is an upper bound on average rates of motion of groups of hot spots. Its 95% confidence interval, 0.5 to 5.9 mm a
, is consistent with the estimates of the rates of motion between hot spots found by Morgan [1981 Morgan [ , 1983 , Duncan [1981] , Gordon and Cape [1981] , and Koivisto et al. [2014] but inconsistent with rates estimated or implied by Norton [1995] , Raymond et al. [2000] , and Tarduno et al. [2003] .
Data
We adopt the hot spot trend data set of Morgan and Phipps Morgan [2007] except that we follow Gripp and Gordon [2002] in omitting the Comores trend on the Somalia plate. (Figure 1 and Table S1 in the supporting information). We reject Comores because its trend is evidently inconsistent with the other two on the Somalia plate. The anomalous trend may be due to the unreliability of short tracks and possibly to long-lasting volcanism on slow plates [Emerick and Duncan, 1982; Gripp and Gordon, 2002] . We refer to the resulting data set of 56 hot spot trends as HS4.
Methods

Angular Velocities and Poles of Rotation
To estimate plate angular velocities relative to the hot spots, we follow methods similar to those of Gripp and Gordon [2002] except that herein we minimize the sum square of angular misfit α (i.e., the observed trend of a hot spot track minus its calculated trend), instead of minimizing the sum square of 2 times sin (α/2). For simplicity, we weight all trends equally. We obtain estimates of the sum square misfit for inversions of data from individual plates and for a global inversion, the latter constrained to consistency with the MORVEL set of
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relative plate angular velocities [DeMets et al., 2010] , which allows us to estimate both the pole of rotation and rate of rotation of every plate. We also incorporate 31 smaller plates from MORVEL56 [Argus et al., 2011 ] so that we ultimately estimate the angular velocities relative to the hot spots of 56 plates.
When analyzing data from only a single plate, we obtain a pole of rotation but no rate of rotation. With three or more trends on a plate, we estimate the standard deviation of those trends. With exactly two trends on a plate, we estimate the pole of rotation, but not the standard deviation, for which we substitute the appropriate average from the results of all the plates with three or more trends. With only one trend, we cannot estimate a unique pole of rotation; for its standard deviation, we also substitute the appropriate average from the results of all the plates with three or more trends.
Synthetic Hot Spot Trends
We construct synthetic hot spot trends from the best fitting poles found for each plate with three or more trends. We use the term HS4s for the resulting set of synthetic hot spot trends.
Angular Dispersion
We compare the sum square misfit (and number of degrees of freedom) determined in two ways: (1) from the sum square differences between the observed data and the trends calculated from a global inversion and (2) by summing the sum square misfit from the inversions for all the individual plates. 
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An F ratio test is used to compare the dispersion of the trends determined in (1) with respect to those determined in (2) to investigate whether the dispersions are consistent with the assumption that the errors in trends are uncorrelated, as has been assumed in prior analyses.
Angular Misfit
From the angular misfit of individual hot spots tracks, we determine the mean angular misfit (and uncertainty) for each plate and plot it versus plate speed.
Velocities Relative to the Mean Hot Spot Reference Frame
The plate-motion-perpendicular component of motion of an individual hot spot relative to the mean hot spot frame, v perp , is assumed to equal v sin α, where v is the speed of a plate relative to the hot spots determined at the location of a given hot spot and α is the difference in angle between the observed trend of a hot spot and the trend calculated from HS4-EW-MORVEL56, as described below.
Results
Angular Velocities and Poles of Rotation
The global plate angular velocities relative to the hot spots, which we term HS4-EW-MORVEL56, are specified in Table S2 . The misfits between observed and calculated hot spot trends are shown in Figure 1 , listed in Table S1 , and are plotted versus plate speed relative to hot spots in Figure 2a . The individual best fitting poles for each plate are given in Table S3 .
Synthetic Hot Spot Trends
The synthetic hot spot trends are shown in Figure 1 and listed in Table S1 .
Angular Dispersion
The sum square misfit for the global inversion is 28,331 (°) 2 while fitting 56 hot spot trends and using 3 adjustable parameters (those needed to specify the angular velocity of any arbitrarily chosen plate relative to global hot spots). The standard deviation, σ, of the difference is 23.1°(for 53 degrees of freedom). The differences in trend range from 0°for Shona to 83°for Great Meteor with a median misfit of 9°. The seven largest misfits (>30°) are with respect to trends on the slow-moving Antarctica and Nubia plates.
The sum square misfit for all the individual best fitting poles combined is 8458 (°) 2 while fitting 56 hot spot trends and using 19 adjustable parameters (two to specify a best fitting pole of rotation for each of the nine plates with two or more trends and one for the one plate with one trend). Thus, there are 37 degrees of freedom and the global within-plate standard deviation, σ wp , of the trends is 15.0°. The differences in trend range from 0°for Maria to 79°for Scott with a median misfit of 8°. The three largest misfits (>30°) are also with respect to trends on the slow-moving Antarctica and Nubia plates.
Taking the difference between these two results, we obtain a summed square of 19,873 (°) 2 with 16 degrees of freedom, which we attribute to between-plate dispersion.
The within-plate variance of trends (i.e., when we fit the hot spot trends on each plate with an individual best fitting pole not constrained to be consistent with trends on other plates) is significantly smaller than the variance of trends in a global inversion (F = 0.422 with 37 versus 53 degrees of freedom, p = 0.003 where F is the ratio of the variances and p is the probability of obtaining a value of F this small or smaller if the variances were equal.).
Differences between observed trends and those calculated from HS4-EW-MORVEL56 tend to decrease with increasing plate speed relative to the hot spots (Figures 2a-2c ).
Angular Misfit
The angular misfits are specified in Table S1 and illustrated in Figures 2a-2c . Plate mean values and 95% confidence limits for the angular misfit of each plate are given in Table S4 and plotted versus plate speed in Figure 2b . The absolute values of the plate mean angular misfits decrease significantly with increasing plate speed with a slope of À0.21°± 0.11°(mm a À1 ) À1 (95% confidence limits).
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Velocities Relative to the Mean Hot Spot Reference Frame
The dispersion of v perp , the nominal plate-motion-perpendicular component of motion of hot spots, increases with increasing plate speed (Figure 2d ). The mean velocity of hot spots beneath any one plate ranges in magnitude from 0.2 to 8.2 mm a À1 (Figure 2e ). The magnitude of the mean velocity of hot spots beneath any one plate tends to increase with increasing spreading rate, but insignificantly so (Figure 2f ). The global mean of the magnitude of the mean velocity of hot spots beneath any one plate is 3.2 ± 2.7 mm a À1 (95% confidence limits), which has a corresponding 95% confidence interval of 0.5-5.9 mm a À1 .
Discussion
Correlated Errors and Motion of Groups of Hot Spots
In contradiction with assumptions made in prior studies, we find that the within-plate dispersion of hot spot trends is significantly less than the dispersion found from a global inversion of hot spot data. This significant difference may be due to plate nonrigidity, errors in relative plate velocities, motion between hot spots, or some combination of these. That trends on an individual plate are in many cases misfit in a systematic manner is evident from Figure 1 . For example, in the cases of Eurasia, North America, and South America, the observed trends, as well as the trends determined from individual best fitting poles, tend to be clockwise of the trends calculated from the global solution. In the cases of Antarctica, Australia, Nubia, and Somalia, the observed trends, as well as the trends determined from the best fitting poles, tend to be counterclockwise of the global calculated trends. In the cases of the Pacific, Cocos, and Nazca plates, the differences are less consistent in sign or smaller in amplitude or both. 
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Trend Misfits and Bounds on Rates of Motion of Groups of Hot Spots
While the magnitudes of the individual angular misfits are in some cases huge (Figure 1 ), in one case exceeding 80° (Figures 1 and 2a and Table S1 ), and the magnitudes of the plate mean angular misfits are large, in the case of Antarctica being 27° (Figure 2c and Table S4 ), the rates of implied motion between groups of hot spots are small (Figure 2f ). In only one case, that of the Australia plate, does the magnitude of the plate mean velocity exceed 6 mm a À1 , but its 95% confidence limit includes zero motion (Table S4) . (In any event, we interpret the results for Australia cautiously, as its eastern tracks lack young [<6 Ma] volcanos and record the direction of Australia plate motion before 6 Ma and thus may not accurately reflect the current direction of motion of Australia.)
Large angular misfits do not necessarily indicate large rates of motion between hot spots when the motion of the plate in question is sluggish. In particular, the huge angular misfits to hot spot trends on Antarctica correspond to a nominal rate of hot spot motion of merely 3.4 ± 4.4 mm a
À1
.
Of the 10 plate mean estimates of v perp , those for only three plates, Eurasia, Nubia, and North America, differ significantly from zero. These three plates are also the three with the smallest 95% confidence limits: v perp for Eurasia is À1.3 ± 1.0 mm a
, for Nubia 2.4 ± 1.8 mm a À1 , and for North America À3.9 ± 2.5 mm a
. Thus, the nominal motion of the three best constrained groups of hot spots on the planet range in magnitude from 1.3 to 3.9 mm a À1 with minimum magnitudes respectively of 0.3, 0.6, and 1.4 mm a À1 and maximum magnitudes, respectively, of 2.3, 4.2, and 6.4 mm a
. Despite the high statistical significance of the misfit to trends on different plates, the motion between hot spots required by this misfit is surprisingly small, zero for seven groups of hot spots and merely 0.3 to 1.4 mm a À1 for the other three groups .
What is the upper bound on plate mean v perp ? For individual plates the upper bound ranges from a low of 2.3 mm a À1 for the Eurasia plate to a high of 20.7 mm a À1 for the Cocos plate. The most useful upper bounds come from the three plates with the lowest 95% confidence limits, i.e., Eurasia, Nubia, and North America, those range from 2.3 to 6.4 mm a
. These upper bounds are significantly lower than the 10 to 30 mm a
or more that some workers assume for motion between Pacific and non-Pacific hot spots. The mean value of v perp for the Pacific plate itself is 0.2 ± 7.4 mm a À1 , thus having an upper bound of less than 8 mm a
, consistent with the results of Morgan and Phipps Morgan [2007] and Koivisto et al. [2014] but below rates assumed by others.
It may be useful to consider an average of motion of all 10 groups of hot spots. The mean of the magnitude of the plate mean v perp of all 10 groups, which is 3.2 mm a À1 , can be considered to be an upper bound on how fast groups of hot spots move, on average, relative to the mean hot spot reference frame and is similar to the nominal speed of the three best constrained groups of hot spots. Conservative 95% confidence limits for this value are ±2.7 mm a
, which are the 95% confidence limit on the mean of the signed means (i.e., not calculated from the dispersion of the magnitudes of the means, which is smaller). Therefore, the concept that the Pacific hot spot reference frame is distinct from the Indo-Atlantic hot spot reference frame [see, e.g., Schellart et al., 2008] seems unwarranted.
Plate-Motion-Parallel Component of Motion
If the rate of hot spot motion parallel to plate motion is the same as the rate perpendicular to it, as seems reasonable, the bounds on hot spot motion expand by a factor of 2 ½ from 3.2 ± 2.7 mm a À1 for v perp to 4.5 ± 3.8 mm a À1 for v.
Errors in Relative Plate Motion; Plate Nonrigidity
The implied rates of motion between groups of hot spots are so small that sources of misfit other than motion between hot spots should be considered. For example, the formal errors in relative plate angular velocities, as well as those due to likely errors in estimates of outward displacement of magnetic reversal boundaries, are generally a few millimeters per year [DeMets et al., 2010] . Most misfits revealed by plate circuit nonclosure are a few millimeters per year but can be as large as 9 ± 5 mm a À1 (95% confidence limits) [DeMets et al., 2010] .
Displacement rates across an individual plate due to horizontal thermal contraction of oceanic lithosphere are ≈1 to 2 mm a À1 per plate [Kumar and Gordon, 2009; Kreemer and Gordon, 2014; Mishra and Gordon, 2016] . Therefore, when summed in a global plate motion circuit, the displacement rates due to plate shrinking may very well sum to ≈5 mm a À1 . Thus, the observed misfit to hot spot trends could be explained entirely
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by errors in relative plate velocities or by plate nonrigidity. We suspect that all three sources-motion between hot spots, errors in relative plate motions, and plate nonrigidity-contribute to the observed misfits to hot spot trends, but it is difficult to determine their relative sizes.
Within-Plate Angular Dispersion and v perp for Individual Hot Spots
The within-plate angular variance can be estimated for the seven plates with more than two hot spot trends (Table S5 ). Most of these angular variances differ insignificantly from one another, but some do differ significantly. Surprisingly, the angular variance for the five hot spot trends on North America is significantly smaller than for all other plates (Table S5 ) and corresponds to a within-plate standard deviation of less than 1°. In contrast, the uncertainties assigned to these five trends by Morgan and Phipps Morgan [2007] range from 4°to 15°. We think that the true uncertainties are likely to be as large as or larger than those estimated by Morgan and Phipps Morgan [2007] and attach no scientific importance to the minuscule observed variance.
The other significant difference is between the fast-moving Pacific plate (σ wp = 9.8°) and the slow-moving Antarctica (σ wp = 24.1°) and Nubia (σ wp = 19.1°) plates (Tables S3 and S5 ). Each of these plates has more tracks than the five on North America, and we find these differences to be more convincing.
The angular differences shown in Figure 2a and the values of v perp calculated from them in Figure 2d represent a combination of the effect of errors (i.e., uncertainties) in trends in hot spot tracks, plate nonrigidity, errors in relative plate velocities, and motion between hot spots. Thus, Figure 2d merely gives an upper bound on the rate of motion of individual hot spots. At the same time, it gives an upper bound on the errors.
Reliability and Reference Frames
Geologically current plate motions (i.e., averaged over the past few million years) are known much more accurately and more reliably than ancient plate motions, especially those longer than ≈50 Ma ago. Thus, motion between hot spots estimated for the past few million years is much more reliable than those inferred from ancient motions for which data are sparser and our knowledge of global plate boundaries and plate deformation is far sparser.
Insofar as the present is the key to the past, Late Cretaceous and early Tertiary velocities of groups of hot spots relative to one another of 30-80 mm a
À1
, as inferred in some prior studies [Norton, 1995; Raymond et al., 2000; Tarduno et al., 2003] , are improbable given that current rates of motion are significantly less than 10 mm a À1 and have minimum velocities of merely 0 to 1.4 mm a À1 . On the other hand, rates of motion between the Hawaii and Louisville hot spots, which do not depend on doubtful plate circuits through Antarctica or the doubtful assumption of no true polar wander (but do depend critically on age dates), indicate relative speeds of ≈10 mm a À1 before ≈50 Ma B.P. and ≈0 mm a À1 since 50 Ma B.P. [Wessel and Kroenke, 2009; O'Connor et al., 2013] .
Our results, together with the results of Morgan and Phipps Morgan [2007] and Koivisto et al. [2014] , provide strong evidence against the concept of separate Pacific and non-Pacific hot spot reference frames [e.g., Schellart et al., 2008] , at least for current plate motions and the motions over the past 48 Ma. These results furthermore support the usefulness of the fixed hot spot approximation. Koivisto et al. [2014] showed that motion between Indo-Atlantic hot spots and Pacific hot spots over the past 48 Ma occurs at nominal rates of 2-6 mm a À1 with lower and upper bounds, respectively, of zero and ≈10 mma
. Thus, the results of Koivisto et al. [2014] are consistent with fixed hot spots. Our results are consistent with fixed hot spots for hot spot groups beneath seven of 10 plates and differ significantly by only 0.3 to 1.4 mm a À1 for the hot spot groups beneath the other three plates. Thus, the fixed hot spot approximation is an excellent one for both current plate motions and for plate motions over the past 48 Ma.
If the data are consistent or nearly consistent with fixed hotspots, how much better are the data fit by models with moving hotspots? Over the past 10 Ma, the five hot spots emphasized by Doubrovine et al. [2012] in their global moving hotspot reference frame (GMHRF) move at 3 to 7 mm a À1 relative to the GMHRF, consistent with our results and those of Koivisto et al. [2014] . The net motion of each of their five featured hotspots over the past 50 Ma ranges from ≈300 to ≈500 km, which gives smoothed rates of motion of 6 to 10 mm a
relative to their mantle reference frame (and from 3 to 11 mm a À1 of smoothed motion of one hotspot relative to another). These rates are higher than the nominal rates observed by Koivisto et al. [2014] , but within their upper bounds.
Geophysical Research Letters
10.1002/2017GL073430
Therefore, the complex GMHRF fits the observations no better than the simple fixed hotspot approximation does, at least for current plate motion and the past 48 Ma when relative plate motions are relatively well known.
Conclusions
1. The within-plate sum square misfit is significantly smaller than the total sum square misfit. Thus, there is significant between-plate dispersion in the fit to hot spot trends, which requires motion between hot spots, errors in relative plate angular velocities, plate nonrigidity, or some combination of these. 2. Plate mean hot spot motion in the direction perpendicular to plate motion (plate mean v perp ) differs significantly from zero for hot spots beneath only 3 of 10 plates and then only by 0.3 to 1.4 mm a
À1
. The nominal motion of the three best constrained groups of hot spots on the planet ranges from ≈1 to 4 mm a À1 .
Therefore, the rate of motion between groups of hot spots required by the data is minuscule. 3. By combining the results for all the plates, we estimate an upper bound on average plate mean hot spot motion in the direction perpendicular to plate motion of 3.2 ± 2.7 mm a
. The indicated lower and upper limits are therefore 0.5 to 5.9 mm a À1 , consistent with long-term rates of motion between hot spots estimated by Morgan [1981 Morgan [ , 1983 and Duncan [1981] and with long-term rates and upper bounds determined by Koivisto et al. [2014] . 4. The global moving hot spot reference frame of Doubrovine et al. [2012] fits the observations no better than the simple fixed hotspot approximation does, at least for the past 48 Ma.
